Objectives: To investigate how the sexual behaviour of migrants originating from HIVendemic countries affects the spread of HIV among heterosexuals in low-endemic countries.
Introduction
Individuals originating from HIV-endemic countries comprise a relatively large proportion of heterosexually acquired HIV infections in Europe [1] [2] [3] . Migrants may engage in unsafe sexual practices in their country of residence, but also in their country of origin, while visiting their family and friends [4, 5] . In addition, some migrants may have concurrent partners [6] [7] [8] . Most partners of migrants are individuals from their own country, but sometimes also natives of their country of residence [9, 10] . If migrants originate from a country with higher HIV prevalence than that in their country of residence, they may form a bridge population that imports new infections from the high-endemic to the low-endemic country. Furthermore, via their sexual partners in the country of residence, they may spread the infection to the general indigenous population. Molecular studies have shown that indeed import of heterosexual HIV infections from high-endemic countries has occurred [11] . It is imperative, therefore, to understand the contribution of migrants originating from high-endemic countries to the spread of HIV in lowerendemic countries, such that prevention efforts can be targeted at the populations most at risk for infection.
To investigate that, a mathematical model has been developed, that describes the formation of heterosexual partnerships between local natives and migrants. The model is parameterized using data from the Netherlands [10, [12] [13] [14] . The heterosexual epidemic in the Netherlands serves as an example of a European country with low HIV prevalence, concentrated mainly in specific risk groups (such as men who have sex with men, injecting drug users, and migrants from HIV-endemic countries). In the Netherlands, there are two large groups of migrants from countries with medium to high HIV prevalence: migrants from sub-Saharan Africa and migrants from Suriname, the Netherlands Antilles, and Aruba (former Dutch colonies), comprising 1 and 3% of the adult population, respectively [14] . The prevalence of HIV was estimated at 0.2% in 2005 in the whole Dutch population [15] , which is lower than that in the Caribbean (1.1%) and in sub-Saharan Africa (5%) [16, 17] . We examine to what extent migrants 'drive' the epidemic, what fraction of new and prevalent heterosexual infections can be attributed to migrants, and how behavioural and treatment changes among migrants could affect the heterosexual transmission of HIV. The model includes migration of infected individuals and travel-related infection during visits of migrants to their country of origin. We show that public health measures focusing on the sexual risk behaviour of migrants, facilitating HIV testing and access of migrants to antiretroviral therapy can considerably contribute to reducing HIV transmission and the burden of disease in migrant communities.
Methods
The model In the model, three ethnic groups are distinguished African migrants, Caribbean migrants, and the remaining 'general' Dutch population. The last group will be referred to as Dutch natives to contrast with the group of migrants and includes indigenous Dutch those who themselves and their parents were born in the Netherlands, migrants from countries with HIV prevalence lower than that in the Netherlands, and other small migrant groups (not from Africa or the Caribbean). The group of migrants comprises of first and second generation migrants, meaning those who were themselves or one of their parents born in the specific country. The heterosexual population of the Netherlands is, therefore, stratified into six subgroups, according to sex (male, female) and ethnicity (Dutch, Africans, and Caribbeans). Each of the six subgroups is further divided into five classes, according to HIV status such as uninfected, acute HIV infection, chronic HIV infection untreated, pre-AIDS untreated, and HIV treated (see Fig. S1 in Supplemental Digital Content, for a schematic diagram of the model, http://links.lww.com/QAD/A58). Among those with chronic HIV, a proportion initiates combination antiretroviral therapy (cART) and progresses to the treated class, whereas the rest remains in the chronic class and progresses to the pre-AIDS class. From the pre-AIDS and treated classes, individuals may progress to AIDS.
Individuals get infected via unprotected sexual intercourse in the Netherlands. Migrants can also get infected via sexual contacts in their country of origin, while visiting these countries. Some migrants report having concurrent steady partners or casual partners along with a steady partner [7] . To account for that, we model two kinds of sexual partnerships namely main and secondary partnerships. Main partnerships are of long duration with many sexual contacts per partner; secondary partnerships are of shorter duration, with less sexual contacts per partner than main partnerships, and include a second (concurrent) steady partner or casual partners. The population includes all sexually active adult heterosexuals, 15-69 years old. Dutch heterosexuals enter the population uninfected. Among migrants, a large fraction is born in their country of origin and enter the Netherlands as adults [7] . Therefore, a fraction of those migrating to the Netherlands is already infected (for simplicity assumed to be with chronic HIV) and the remaining individuals are uninfected.
Data sources and parameter estimates
Parameters relating to sexual behaviour of migrants living in the Netherlands were estimated from data from the 'HIV survey among migrants in Amsterdam' [10] . Parameters relating to sexual behaviour of Dutch natives were estimated using data from two national surveys, the second PIENTER study [12] and the surveys of the Rutgers-NISSO Group [13] . In the Supplemental Digital Content more information about the data sources and about the parameter estimation is provided, http:// links.lww.com/QAD/A103. The values of the parameters are summarized in Table 1 and in Tables S1-S3 in the Supplemental Digital Content, http://links.lww.com/ QAD/A61, http://links.lww.com/QAD/A62, http:// links.lww.com/QAD/A66. These values will be referred to as the basic scenario.
Initial conditions for numerical results
From data from the HIV Monitoring Foundation [18] the numbers of individuals living with HIV/AIDS and of those receiving cART were estimated for the whole country for each year since the beginning of the epidemic in the Netherlands in 1980. From these numbers, we calculated the percentage of those living with HIV/AIDS receiving cART. This percentage started increasing from 1996 steadily every year; since 2002, it has been around 75-80% [18] . Because the data on sexual behaviour are also for the same time period (2003) (2004) (2005) (2006) , we initiated the numerical results at the year 2002. It was assumed that since that year, cART administration has been constant [18] . The prevalence of HIV among migrants from Suriname and the Netherlands Antilles in the 'HIV survey among migrants in Amsterdam' was 0.4% in 2003-2004 [19] . The prevalence of HIV among women undergoing standard screening during pregnancy was 0.025% in 2006 [2] . For 2008, the prevalence of HIV in the Netherlands was estimated at 0.2% in the whole population; excluding men who have sex with men and splitting the analysis according to ethnic origin of those living in the Netherlands, the prevalence was estimated at 3.44% among African migrants, 0.35% among Caribbean migrants, and 0.04% in the remaining (mostly) indigenous heterosexual population [20] . Therefore, for the numerical results the initial prevalence used was 3.5% for Africans, 0.5% for Caribbeans, and 0.05% for Dutch natives.
Results

HIV prevalence among adult heterosexuals
From the model, we calculated the prevalence and incidence during the first 20 years after cART administration reached the current levels (years 2002-2022). The prevalence among Dutch natives (calculated as the number of Dutch infected divided by the total number of Dutch) slightly decreases from 0.050% in 2002 to 0.043% in 2022 ( Fig. 1b ). Among African migrants the prevalence increases from 3.5 to 4.4%, among Caribbean migrants from 0.5 to 0.7% (Fig. 1a) , and in the total heterosexual population from 0.098 to 0.106% (Fig. 1b) in the same period. Among all the infected individuals being alive in 2010, 39% originate from Africa, 17% from the Caribbean, and 44% from the Netherlands.
New (incident) HIV infections
Incidence among adult heterosexuals in 2010 was calculated at 1.50 new infections (occurring via sexual contacts in the Netherlands or during trips of migrants to their home country) per 100 000 individuals per year. Including also those migrating to the Netherlands (in 2010) being already infected, results in a total of 2.11 'new' infections per 100 000 individuals per year (here 'new' refers to infections 'new to the country', because they are acquired abroad, but they are not necessarily recent infections). Among these 'new' infections, 70.3% occurred via sexual contacts in the Netherlands, 0.7% during visits of migrants to their home country, and 29% were individuals who migrated in 2010 to the Netherlands being already infected (Fig. 1c ). The individual acquiring HIV was an African migrant in 53% of 'new' infections (32% via sex in the Netherlands, 0.5% during trips to home country, and 21% infected before migration); or a Caribbean migrant in 26% of 'new' infections (18% via sex in the Netherlands, 0.2% during trips to home country, and 8% infected before migration); or a Dutch native in 21% of 'new' infections ( Fig. 1c ). Among infections via sexual contacts in the Netherlands, in 53% the infectious partner was an African migrant, in 22% a Caribbean migrant, and in 25% a Dutch native ( Fig. 1d ). One in five newly infected Dutch natives acquired their infection from a migrant and 80% from another Dutch native ( Fig. 1e ). Finally, we investigated whether migrants were mostly infected in the Netherlands or abroad. In 2010, 40% of new infections among African migrants and 32% among Caribbean migrants were acquired outside the Netherlands (see Fig. S2 in Supplemental Digital Content, http://links.lww.com/ QAD/A59).
Sexual behaviour in country of origin
As only a few infections occur during trips of migrants to their home country, moderate variations in the factors determining infections abroad have only a minor impact HIV infection in migrants and natives Xiridou et al. 2083 For individuals of gender k and ethnicity i, p kij is the percentage of their main partners who are of ethnicity j and r kij is the percentage of their secondary partners of ethnicity j. In each row of p kij and r kij values, the first three elements (for males) add to 100% and the last three elements (females) add to 100%. The parameters for Dutch were estimated from the second PIENTER study [12] and those for migrants from data from the HIV survey among migrants in Amsterdam [10] .
on HIV prevalence in the Netherlands. We calculated HIV prevalence in the different ethnic subpopulations in the Netherlands, under different scenarios for the level of sexual behaviour during trips of migrants to their home country. By increasing, for instance, the number of partners, or decreasing condom use, only minor changes were observed in the prevalence in the Netherlands.
Sexual behaviour of migrants while in the Netherlands
We investigated the impact of changing the number of partners of migrants on the prevalence of HIV (see Fig. S3 in Supplemental Digital Content, http://links.lww.com/ QAD/A60 ). If Caribbean or African migrants have more partners, the prevalence of HIV increases considerably in Table 1 and Tables S1-S3 in Supplemental Digital Content, http://links.lww.com/QAD/A61, http://links.lww.com/QAD/A62, http://links.lww.com/QAD/A66 (basic scenario).
their own community, but only slightly in the other ethnic groups. Specifically among Dutch natives and in the total heterosexual population, the prevalence is hardly affected. Decreasing condom use or increasing the frequency of sexual intercourse of migrants have the same effect (results not shown). Figure 2 shows the effect of increasing mixing, such that migrants form more partnerships with Dutch natives and less with individuals of their own ethnic background (the mixing between Africans and Caribbeans was kept as estimated from the data -see Table 1 ). Looking at the first 20 years of such a change, the prevalence among migrants decreases, whereas that among the natives slightly increases. This happens because the prevalence among natives is much lower than that among migrants and since more 'mixed' partnerships are being formed, it becomes more likely for an infected migrant to have a Dutch partner and spread the infection to the Dutch population rather than to the migrant population; also it becomes more likely for an uninfected migrant to have a Dutch partner and hence avoid getting infected.
Ethnic mixing in sexual relationships in the Netherlands
Effect of cART uptake
Migrants frequently appear late to health services for testing or for treatment [21, 22] , due to fear of their partners or their community. In addition, several migrant commu-nities suffer from underreporting and/or large number of illegal migrants who do not consult the local health authorities. It is possible, therefore, that the levels of cART administration that we obtained from the HIV registries are rather over-optimistic. In order to investigate the effect of this, we calculated the prevalence of HIV, with lower levels of cARTadministration and longer interval until initiation of cART among migrants (Fig. 3) . For Dutch natives, cART administration was as in the basic scenario (see Table S3 in Supplemental Digital Content, http://links. lww.com/QAD/A66). We see here that the higher the fraction of infected migrants not receiving cART and the longer they remain untreated, the higher the resulting prevalence in all ethnic groups. As for the previous results, this change is more profound among migrants. For instance, if 50% of migrants initiate cART one year after infection, then HIV prevalence among African and Caribbean migrants is 3.90% and 0.57%, respectively, but the prevalence is 4.76% and 0.74%, if cART is initiated five years after infection. Among Dutch, there is only a minor change in prevalence (0.043% or 0.044% if cART is initiated one or five years after infection).
Discussion
The present study shows that the heterosexual epidemic in the Netherlands is relatively low and stable, despite the presence of migrant groups from HIV-endemic countries. The epidemic is kept at this level and does not further diminish, partly due to the immigration of individuals being already infected and the relatively high prevalence among migrants living in the Netherlands. Nevertheless, due to the small number of migrants, their relatively moderate sexual risk behaviour and low mixing with the Dutch, migrants cannot easily trigger major rises in HIV among heterosexuals. This can be observed from the fact that behavioural and treatment changes among migrants have a major impact in the migrant communities, but hardly affect the prevalence among Dutch natives. The sexual contacts that migrants have during trips to their home country result in only a very small number of new infections. On the contrary, immigration of infected individuals accounts for a considerable fraction of the current HIV prevalence. Consequently, the sexual behaviour of migrants during trips to their home country hardly affect the heterosexual epidemic in the Netherlands, as their sexual behaviour in the Netherlands has a major impact on HIV prevalence. Earlier HIV-diagnosis and initiation of cART among migrants can also result in considerable reductions in HIV transmission.
These findings are applicable not only to the Netherlands but other European and high-income countries as well. In England, for instance, there are also large migrant communities from sub-Saharan Africa and the Caribbean. In 2007, the prevalence of diagnosed HIV in black African and black Caribbean communities in England was estimated at 3.7 and 0.4%, respectively, as among the indigenous population at 0.09% [21] . In addition, the proportion of late diagnoses was 42 and 27% among African and Caribbean migrants, respectively [21] . A recent study in the United Kingdom indicated that for 25-33% of infected black-African migrants, the infection was acquired in the United Kingdom [23] . In Ireland [24] and in Sweden [25] , high rates of heterosexual HIV transmission among migrants have also been reported. We expect that in other European countries, as for the Netherlands, the travel-behaviour of migrants is not important for the heterosexual HIV epidemic, but their sexual risk behaviour in the country of residence is important. In addition, as shown in our study, other European countries also report a large fraction of migrants acquiring their infection before migration to Europe [25] . Furthermore, our model can be easily used to investigate the spread of HIV among heterosexuals in other countries, by adjusting appropriately the parameters relating to sexual risk behaviour. becomes more or less 'popular' to migrate to or if stringent policies limit the influx of migrants) and the fact that migrants may stay in a new country only for short periods of time. The model can also be extended to account for the presence of coinfections with other STI and investigate their impact on the spread of HIV. The presence of other STI may increase susceptibility to HIV infection and infectiousness of those with the coinfection [26] . Migrants from the Caribbean and sub-Saharan Africa living in the Netherlands have been shown to have higher prevalence of STI than the general Dutch population [27] . Furthermore, it would be interesting to include in the model other risk groups, such as sex workers or injecting drug users, which also 'mix' with the general heterosexual Dutch population, and hence could account for a fraction of HIV transmission; the contribution of these risk groups to the heterosexual epidemic in the Netherlands could then be investigated.
Our findings indicate that the heterosexual transmission of HIV in the Netherlands is mainly occurring within migrant communities. Therefore, limiting migration or imposing travel restrictions would hardly affect the prevalence of HIV in the country. Prevention should focus on the sexual behaviour of migrants while in the Netherlands, and less on their behaviour during trips to their home country. Moreover, it is essential to detect those entering the country being infected as soon as possible. Timely initiation of cART is extremely important not only for the infected individual [28] [29] [30] , but also for limiting the spread of HIV to the community [31, 32] . Socioeconomic status, HIV stigma, along with cultural and language barriers might impair the uptake of HIV testing and treatment, and compliance with cART. Policy making should focus on targeted interventions avoiding stigmatization and on facilitating testing and referral of infected migrants to specialized HIV care, in order to reduce the burden of disease in migrant communities.
